ABSTRACT Changes in the total amount of the gap junction protein (Mr 26,000) after partial hepatectomy or bile duct ligation and recanalization were investigated in rat liver membranes by quantitative immunoblot with rabbit-antiserum to the Mr 26,000 protein. The loss and reappearance of the Mr 26,000 protein roughly paralleled loss and reappearance of gapjunction plaques analyzed previously under similar physiological conditions by freeze-fracture of hepatocyte surfaces. The total amount of the hepatic Mr 26,000 protein in liver plasma membranes and the total area of the hepatocyte surface occupied-by gap junction plaques appeared to be proportional under these conditions. However, at the minimum, 28-35 hr after partial hepatectomy we still find about 15% of the Mr 26,000 protein, in contrast to <1% of gap junction plaques, determined by morphometric analysis. This discrepancy is probably due to the fact that very small gap junction plaques, single connexons, and free Mr 26,000 gap junction subunits are missed-by the morphometric analysis. At the times of the minimal amount of the Mr 26,000 protein in hepatic plasma membranes after partial hepatectomy or bile duct ligation we found that crude hepatic lysosomal membranes of these rats contained less Mr 26,000 protein than lysosomal membranes of nonoperated control animals. Thus, we conclude that the decrease and increase of the total amount of the Mr 26,000 protein cannot be explained only by dispersal and reuse ofgapjunction subunits but are largely due to-degradation and resynthesis of the Mr 26,000 protein. No -significant change in the amount ofthe Mr 21,000 protein that had been isolated with gap junction plaques was observed in liver plasma membranes after partial 'hepatectomy. This confirms our previous conclusion that the Mr 26,000 and Mr 21,000 proteins are independent of each other.
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Gap junctions form channels between contiguous cells in organs or in tissue-culture and are thought to be involved in metabolic cooperation, tissue homeostasis, or transmission of regulatory signals (1, 2) . The gap junctions of mouse or rat liver are relatively well characterized (3, 4) , although some controversy remains regarding the exact molecular weight ofthe subunit protein which is readily cleaved by proteases during isolation. Recently, the partial sequence ofthe Mr 26,000-28,000 subunit protein (5) isolated from purified rat liver gap junction plaques 'has been determined (6) . Using electron microscopy, Revel and co-workers found that the total area of rat liver gap' junction plaques on the surface of hepatocytes decreased and increased after partial hepatectomy (7) (8) (9) . Later it was shown by electrophoretic analysis that the Mr 26,000 gap junction protein could not be detected in preparations of gap junction plaques when these structures were absent from the surface of hepatocytes (5) . However, these authors could not eliminate the possibility that gap junction protein could have become soluble in the nonionic detergent used for the preparation ofgap junction plaques, thereby escaping its detection. Using an antiserum that specifically recognized the Mr 26,000 gap junction protein. in liver plasma membranes (10, 11) , we decided. to measure the total amount of the gap junction Mr 26,000 protein after partial hepatectomy in rat'liver to compare the results with the extensive morphometric studies of Revel and co-workers.
Furthermore, Metz~et aL had found by freeze-fracture analysis that gap junction plaques also disappeared from the surface of hepatocytes after bile duct ligation and reappeared after recanalization (12) (13) (14) . Because the liver-gap junction protein had not been investigated biochemically after cholestasis we carried out an immunological~quantitation ofthe Mr 26,000 liver protein after bile duct ligation -and recanalization.
METHODS AND MATERIALS Animals and Operations. For partial hepatectomy and bile duct ligation male "BDIX rats, 23-25 days of age, were used. Partial hepatectomies (two-thirds removal) were performed exactly as described by Higgins and Anderson (ref. 15; cf. refs. 7-9) . Regenerated livers were perfused with 10 ml ofan ice-cold 0.9% NaCl solution. The livers were excised, frozen immediately, and stored at -700C. For ligation the bile duct was mobilized from the vena porta between liver and gut. A 2.5-to 3-mm piece of silicone tubing (inner diameter, 1 mm; outer diameter, 2 mm) was tied firmly to the bile duct at two sites by using threads of silk (type 5-0). Peritoneum and skin were sutured separately with silk. Forty-eight hours after ligation a bubble-like swelling of [3] [4] liver. The autoradiograph of Fig. 1C illustrates that the total amount of the Mr 26,000 protein decreased to relatively low levels 36 hr after partial hepatectomy and increased again at 48 hr. At the time of the minimal amount of the Mr 26,000 protein no immunoreactive protein bands of smaller molecular weight were detected on the corresponding gels. In Fig. iD Hours after partial hepatectom; ,000 protein determined by quantitative immunoblot in rat liver plasma membranes after bile duct ligation and recanalization. The graph was constructed from the results of slab gel electrophoresis, each involving purified hepatic plasma membranes from five rats after bile duct ligation or recanalization and from one nonoperated (control) rat. Autoradiography, quantitative immunoblot, and densitometric evaluation of the data were as outlined in the legend of Fig. 2A . Points connected by dashed lines represent data from different rats but identical time points (see Fig. 2A ). Ratio indicates amount of Mr 26,000 protein relative to mean control value.. (B) Amounts of bilirubin determined in the serum of rats after bile duct ligation and recanalization. Samples of. blood were withdrawn from most of the rats used-in A and from some additional rats-just before the livers were removed. The serum was used for bilirubin analysis as described in Methods and Materials.
imal amount ofMr 26,000 protein after cholestasis and the minimal amount (about 1%) measured after cholestasis in purified plasma membranes (see Fig. 4A ) can be solved by our finding that at the same time point about 10-20% ofthe Mr 26,000 protein is present in the pellet and the 67-54% interface of the sucrose gradient (4, 10) used for plasmamembrane purification.
This residual-amount ofthe Mr 26,000 protein could not be seen when only the plasma membranes purified at the 42-50.5% interface of the sucrose gradient were analyzed. Table 1 shows further that crude lysosomal membranes (100,000 X g pellet), taken from livers at the times of the minimal amounts of the Mr 26,000 protein, after. partial hepatectomy or cholestasis, contained less Mr 26,000 protein than the lysosomal. membranes isolated from nonoperated control livers. This result excludes the possibility that the decrease and increase of the Mr 26,000 One-third of the rat livers were homogenized in 1 mM sodium bicarbonate (pH 7.4) and were centrifuged according to Henderson et al. (4) . The 8,600 x g pellets contained nuclei and crude plasma membranes. The supernatants containing mitochondria, lysosomes, and microsomes were centrifuged at 100,000. x g for 60 min at 40C. The resulting pellets were suspended in 1 mM EDTA (pH-7.4). Aliquots were taken for protein determination (20) or NaDodSO4/polyacrylamide gel electrophoresis and quantitative immunoblot by using the antiserum to the Mr 26,000 protein (10) . The total amount of Mr 26,000 protein present in control liver was set at 100%. Data of two different experiments were averaged. * Twenty-nine hours after partial hepatectomy.
tForty-eight hours after bile duct ligation and 2 hr after recanalization.
protein in liver plasma membranes after hepatectomy or bile duct ligation can be caused only by internalization and reuse of the Mr 26,000 protein stored in endocytotic vesicles.
DISCUSSION
The results of this study suggest that the gap junction protein is degraded and resynthesized after partial hepatectomy or temporary bile duct ligation. We can largely exclude dispersal and reassembly of gap junction particles under these conditions, as had been previously discussed after freeze-fracture analysis (8, 13) . There. are some interesting points of comparison between the results of the quantitative analysis of gap junction plaques (8, 13) and of the Mr 26,000 protein reported in this paper.
Twenty-eight to 35 hr after partial hepatectomy we determined about 15% residual Mr 26,000 protein, whereas Meyer et aL (9) found <1% residual gap junction plaques.when compared to the initial level (100%b). As discussed by these authors, the morphometric analysis does not allow the detection of very small gap junction plaques or free Mr 26,000 protein not yet aggregated.into a connexon. In the livers of two rats we found the minimal amount of the Mr 26,000 protein already at 18 and 20 hr after partial hepatectomy (see Fig. 2A ). This could mean that in some rats the Mr 26,000 protein is degraded faster than in the majority of the other rats, perhaps depending on the nutritional state of the animals. In contrast to Metz and Bressler's morphometric investigation ofgap junction plaques (13), we did not find a sudden increase in the minimal amount (10-20%) of the Mr 26,000 protein 48 hr after bile duct ligation and 2 hr after recanalization. No quantitative morphometric data of gap junction plaques relating to the time 24 hr after bile duct ligation have been reported (13, 21) . Thus, we cannot correlate the decreased amount of the Mr 26,000 protein that we found at this time with changes in the amount of gap junction plaques.
Although the decrease ofthe Mr26,000 protein occurred with similar t112 of 3-6 hr after both partial hepatectomy as well as bile duct ligation, the molecular. mechanisms possibly are different. After partial hepatectomy there was a coincidence ofthe maximal incorporation of thymidine into DNA and the strong decrease of the Mr 26,000 protein (see Fig. 2 ). If the biosynthesis of the gap junction protein occurred in the G1 phase of hepatocytes, this could explain why the total amount of the Mr 26,000 protein decreased as more and more cells enter the S phase, provided that the ti,2 ofthe Mr 26,000 protein were short 758 Cell Biology: Traub,et at Proc. Natl. Acad. Sci. USA 80 (1983) 759 relative to the length of the S phase. Fallon and Goodenough (22) have reported a ti,2 of5 hr for the main protein component (Mr 21,000!) of mouse liver gap junctions, whereas Yancey et aL (23) estimated the t112 of the liver Mr 26,000 protein to be < 10 hr. By using the quantitative immunoblot, it should be possible to analyze whether degradation and biosynthesis of the Mr 26,000 protein is dependent on the phase of the cell cycle in hepatocytes. At present, alternative explanations for degradation and resynthesis of the Mr 26,000 protein after partial hepatectomy cannot be excluded.
On the other hand, after cholestasis due to bile duct ligation, the increased pressure in the bile canaliculi leads to regurgitation of the bile into the liver sinusoids (24) . Possibly the corresponding hemichannels ofgapjunction plaques on contiguous hepatocytes can no longer couple under these conditions, due to decreased cellular adhesion. This condition may lead to degradation of the Mr 26,000 protein (see the hypothetical model of connexon channel formation described in ref. 1). Alternatively, the increased concentration of bile acids in hepatocytes (25) 
